The Russian nickel refineries located in the cities of Nikel and Zapolyarny close to the Norwegian border are responsible for extensive sulfur dioxide and nickel pollution, as well as severe ecological damage in both countries. The aim ofour study was to investigate human nickel exposure in the populations living on both sides of the Norwegian-Russian border. The design was a cross-sectional population-based study of adults aged 18-69 years residing in SorVaranger municipalibty, Norway, and Nikl and Zapolyarny, Russia, during 1994 and 1995. Individual exposure to nickel was assessed by measurements of nickel in urine using electrothermal atomic absorption spectrometry. For controls, urine was collected from adults in the Russian cities ofApatity and Umba (Kola Peninsula) and the Norwegian city ofTroms., all ofwhich are locations without nearby point sources of nickel. Altogether 2,233 urine specimens were analysed for nicke. People living in Nikel had the highest concentrations (median 3.4 pg/l), followed by Umba (median 2.7 pg/1), Zapolyarny (median 2.0 pg/I), Apatity (median 1.9 pll), Troms" (median 1.2 p/l), and Sor-Varanger (median 0.6 pg/1). Regardless of geographical location, the Russian study groups all had a higher urinary-nickel average than those in Norway (p#o.oo0). with the excepition of Nikel, neither the Russian nor the Norwegian urinary-nickel levels were associated with residence location near a Russian nickel refinery. We conduded that industrial nickel pollution alone could not explain the observed discrepancy between Norway and Russia; we also discuss other possible nickel exposure sources that may account for the high urinary levels found in Russia. Key wordk air pollution, environmental epidemiology, exposure assessment, industrial emissions, nickel, Norway, occupational exposure, Russia, smoking, urine.
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*Environ Health P"est 106:503-511 (1998) . [Online 14 July 1998] ht://ehpnetl.nis.nigov/docs/19981 O98/06p503-SIIsith-siveen/abstract.hsml During the last decade, much attention has been allotted to the industrial air pollution in the Norwegian-Russian border area. The Kola Peninsula, Russia, features an extensive metal-refining industry, with nickel being the metal of greatest importance. Large nickel ore processing plants and refineries have been built up in the cities of Nikel, Zapolyarny, and Monchegorsk ( Fig. 1) , and this activity causes extensive environmental sulfur dioxide (SO2) and metal pollution. In Sor-Varanger, a municipality on the Norwegian side of the border, pollution from the neighboring plants in Nikel and Zapolyarny has been the subject of great public and political concern. According to the official Russian emission data, 297 tons of nickel and 198,368 tons of SO2 were discharged from the operations in Nikel and Zapolyarny in 1994 (1) .
In 1988, a comprehensive research program on environmental pollution effects in the border area was initiated as a RussianNorwegian collaborative project. Monitoring of air quality showed that for SO2, the World Health Organization (WHO) Air Quality Guidelines were frequently exceeded, especially on the Russian side of the border, while levels of suspended partides were below current guidelines (2, 3) . Serious damage to the vegetation due to SO2 effects was evident in an area of 3,000 km2 around the emission sources (4), most conspicuous being the dead forest in dose proximity to the refineries. The deposition patterns of nickel showed an increasing gradient toward the emission sources (Fig. 2) . Increased nickel levels were found in parenchymal organs of caribou and moose in Sor-Varanger (5), as well as in cloudberries, mosses, and lichens (6) . Rivers in the area have also been contaminated by nickel (7) . To date, few studies have focused on human exposure and possible health effects in relation to the industrial pollution described. The overall objective of our NorwegianRussian cooperative study was to investigate both the exposure of selected populations and possible health effects from the nickel and SO2 pollution in the border area. For this study, our purpose was to collect data on urinary levels of nickel as a measure of exposure to assess the importance of the local nickel industry as an exposure source for people in the border area. To do this, we not only analyzed urine collected from inhabitants of Nikel, Zapolyarny, and Sor-Varanger but also from individuals living more remotely from the Kola Peninsula nickel-producing cen- ters. Nickel in urine is a valid index of nickel exposure, providing that the chemical identity and physiochemical properties of the nickel compounds are taken into consideration (8) .
Materials and Methods
The study consists of separate cross-sectional population-based studies following a common protocol conducted on both sides of the Norwegian-Russian border. In Norway, the population of S0r-Varanger municipality was studied; in Russia, the study areas were the cities of Nikel and Zapolyarny. Comparison groups were sampled in Troms0, Norway, and in Apatity, Kirovsk, and Umba, Russia. The study was steered by a joint Norwegian-Russian health group established in 1992.
Study areas and study populations. SorVaranger municipality in Finnmark county is situated in the northeastern part of Norway, north of the Arctic circle around the 70th parallel. In 1994, about 9,800 people lived in Sor-Varanger, half of them in the administrative center of Kirkenes (Fig. 2) . Apart from Kirkenes and Bjornevatn, the population is spread among minor settlements. The local iron smelting industry in Kirkenes, which was closed down in 1997, did not emit nickel. The eastern part of the municipality shares a border with Russia, which follows a river along the majority of its stretch. The Russian nickel industrial city of Nikel lies only about 10 km east of this river, at the same latitude and altitude as Svanvik (Fig. 2) .
The Sor-Varanger study was conducted from May to October 1994. All adults between 18 and 69 years of age were invited to participate. After one reminder, 3,671 people (59.4%) joined the study (Table 1) . The relatively low attendance rate was to a large extent explained by low participation among young males. A written informed consent form was signed by all participants. The invitation procedure and enrollment Figure 1 . Map of the area, including the cities of Nikel, Zapolyarny, and Monchegorsk, which feature nickel refining.
have previously been described in more detail (9) .
Nikel and Zapolyarny are situated at the Kola Peninsula, about 10 the Tromso Study (10) . A random sample of 337 persons 25-69 years of age who attended the fourth follow-up in March 1995 were asked to give urine specimens for nickel determination. Urine was obtained from 302 of these persons.
Health screeningprocedure. We screened the three study populations (S0r-Varanger, Nikel, and Zapolyarny) and Apatity to map exposure and possible health effects from the S02 and nickel pollution. In Kirovsk, the screening exduded urinary nickel measurements, hence no data from Kirovsk are presented here. In Troms0 and Umba, the screening was limited to urine sampling for nickel determination.
To be able to use the same equipment (i.e., spirometers, computers) in both countries, the fieldwork in Russia was initiated after the S0r-Varanger study had ended. The fieldwork was conducted by different teams in Norway and Russia. The co-workers in Nikel and Zapolyarny went through a 1-week training course in S0r-Varanger where they participated in the actual survey there. Moreover, the researcher who was in charge of the fieldwork in S0r-Varanger carefully supervised the field workers in the initial phase of the Russian survey and also visited the Russian teams regularly during the whole study period to ensure that the protocols were strictly followed. All disposable equipment (i.e., syringes, needles, containers for urine samples) was supplied by the Norwegian team.
Information about lung diseases, allergies, pregnancy outcomes, work place, housing conditions, smoking habits, and As a result of limited analytical capacity, social conditions was obtained from a fournot all urine samples could be analyzed. In page questionnaire with Norwegian and S0r-Varanger, a total of 902 urine specimens Russian versions. In Norway, the questionwere selected for nickel measurements. All naire, which was sent by mail, was comspecimens collected from individuals living pleted by the participants and brought to adjacent to the Russian border were anathe screening. In Russia, the participants lyzed ( Fig. 2 ), while the numbers included were asked the same questions in an interfrom other settlements were restricted, view because self-administered questionalthough randomly selected. In Nikel, naires are of limited reliability in Russia.
Zapolyarny, and Apatity, about 25% of the Apart from this, the screening procedure urine specimens were randomly selected for was identical in S0r-Varanger and Russia: analysis (Table 2) ; in Troms0 and Umba, all weight and height were measured, the parspecimens (302 and 20, respectively) were ticipants went through spirometry testing analyzed. Altogether, nickel was determined to determine lung function, blood was in 2,233 urine samples. drawn to screen for IgE-mediated allergy Tap water sampling. To evaluate drink-(total-IgE and Phadiatop); and a subsample ing water as a source of nickel, tap water underwent nickel allergy testing. Finally, a samples were taken from all study areas. We spot urine specimen was collected from all collected samples from private homes of peosubjects at the screening to measure nickel ple we judged to be representative of the parconcentrations.
ticipants in the screening. After 5 min of Urine sampling. The urine was collect-flushing, cold water samples were collected ed in a disposable plastic cup, and a sub-in screw-capped nickel-free polyethylene botsample (5-20 ml) was poured into a screw-tles (Zinsser; Nalge Company, Rochester, capped 25-ml plastic container (Universal NY) without nitric acid preservation. The Container; NUNC, Denmark). We tested bottles were kept unfrozen until analysis. the plastic cups and containers for nickel Analysis ofurine and tap water. To preleakage by leaching with 0.5% nitric acid; vent any risk of laboratory-acquired infecno detectable nickel contamination tion and to redissolve urine precipitates, all occurred (detection limit <0.2 pg/I). After urine samples were heated for 1 hr at 95°C sampling, the urine specimens were kept in a laboratory oven prior to analysis. To frozen at -20°C until analysis. recover any nickel adsorbed to the inner Strengths and limitations of the study.
The population-based study design and the Another possible source of bias is the influence of urine-dilution effects on nickel concentration when spot samples are taken. Different methods for dilution adjustments exist, the most common being normalization by specific gravity or by urinary creatinine (16) . In our study we measured urinary creatinine concentrations to allow dilution adjustments. However, such normalization introduces new bias to the results because the elimination of creatinine is dependent on factors such as age, sex, muscular mass, pregnancy, exercise, diet, and various diseases (17) . Moreover, normalization based on urinary creatinine may overestimate nickel concentrations in dilute urine specimens; Sunderman et al. (18) recommended that for random urine specimens, creatinine-adjusted nickel concentrations should only be reported as a supplement to unadjusted nickel values. We found it appropriate to present both sets of values to demonstrate that, like the unadjusted nickel values, the adjusted values did not correlate well with the industrial pollution levels (Fig. 3) .
The age trend that we observed in S0r-Varanger, Troms0, and Nikel might well be explained by age-dependent physiologic changes in the kidney rather than differences in nickel exposure since the glomerular filtration rate is known to decrease significantly with age (19) . This assumption was supported by two facts: 1) because there were fewer individuals currently employed in the nickel industry among those aged 18-29 years than among those aged 30-49 years, occupational exposure was unlikely to explain the age trend; and 2) no significant age trend appeared in either study population after adjustments were made for urinary creatinine.
Industrial pollution in the study areas. The Geologic Survey of Norway (NGU) has estimated annual nickel deposition in three catchments in the Kola Peninsula, namely, in the vicinity of Zapolyarny, Monchegorsk, and Kirovsk; one catchment in S0r-Varanger 35 km southwest (offwind) of the smelter in Nikel was also surveyed (20 (21) . In summary, industrial nickel emissions are high in Zapolyarny and Monchegorsk due to the local nickel refineries; the same is implied for Nikel. The deposition of nickel is far less pronounced in Apatity and S0r-Varanger and even lower in Umba. This pollution pattern appears to be roughly reflected in our tap water samples (Fig. 5) .
Evaluation of nickel exposure sources. Our objective was to assess the impact of the nickel refineries near the Norwegian-Russian border as a human nickel exposure source. On the Norwegian side, the finding of higher nickel concentrations in Troms0 than in S0r-Varanger virtually rules out the industry as an important source. On the Russian side, the industrial exposure is likely to account for a part of the high urinary nickel levels encountered in Nikel because both the urinary and the tap water nickel are significantly higher in that city. The distribution among the other setdements is, however, more difficult to explain. Although there were few specimens from Umba, they dearly indicate that nickel concentrations were high in the Russian populations, regardless of location in relation to nickel industrial sites. The Russian study groups all had increased urinary nickel compared to those in Norway, and it seems reasonable to search for a nonindustrial country factor to explain this national difference.
When evaluating exposure sources, the different bioavailability of the specific nickel compounds must be considered (22) . In the occupational context, it has been shown that exposure to soluble nickel compounds yields urinary nickel concentrations that are generally proportional to levels in ambient air. For the relatively insoluble nickel compounds, the air-urine relationship is less strong (8, 16, 23 (3) , although nickel in water is absorbed to a greater extent than nickel in food (27) .
Despite water being a good index for industrial pollution in our study, the observed drinking water concentrations could not explain the urinary concentrations. An exception to this was Nikel, where both tap water and urinary nickel concentrations were high. We also measured nickel in tap water boiled in private Russian homes with private cooking utensils. The nickel distribution between the study areas was the same as for the unboiled water (unpublished data); hence, nickel released from cooking utensils was not important. No association was found between consumption of locally produced food (i.e., domestic animals, game, berries, and fish) and urinary nickel levels in S0r-Varanger (9); in Russia, this information was not requested. Most of the food consumed on both sides of the border is, however, imported from elsewhere. Trade of food across the border has been very limited. We do not have sufficient information about dietary habits in either study population. This is unfortunate because it may well explain some of the national differences in urinary nickel excretion. In addition, the way food is preserved may also play a role.
We have already suggested an effect of urbanization and traffic on urinary nickel concentrations in S0r-Varanger (91. In the Russian cities in out study, all participants were urban dwellers; thus, on the Russian side, the possible effect of urbanization could not be properly studied. Urban residency may account for some of the national differences, given the fact that the Russian cities have larger population density than the city of Troms0. Interestingly, the difference between Troms0 levels and Russian levels was reduced somewhat after the urinary nickel concentrations were adjusted for creatinine (Fig. 3) .
Tobacco smoking has been regarded by some authors as an important source of human nickel exposure (28, 29) although the amount of nickel in mainstream smoke has been a topic of some controversy (30) . The association between nickel in urine and smoking habits in S0r-Varanger has been studied (9), and no significant relationship was revealed. Analyses from Nikel, Zapolyarny, and Apatity yielded negative results as well, and we question the significance of tobacco smoke as a source of nickel uptake.
In the search for exposure sources that might explain the discrepancy between Norway and Russia, we propose that dental implants may play a role. Most Russian dental implants are made from nickel-containing metal alloys (31) , and corrosion with subsequent leakage of nickel to the saliva is possible (32) . In several studies, leakage from stainless steel surgical implants (i.e., hip prostheses) caused increased serum and urinary nickel levels in individuals (33-35) although a study by Sunderman et al. (36) did not confirm this. It was evident from these studies that the degree of nickel leakage depended on the quality of the stainless steel.
Occupational exposure. As expected, occupational nickel exposure increased urinary nickel excretion in current workers. Because these workers constituted only a small fraction of the population, this did not seem to influence the results of the general population in Nikel and Zapolyarny. Considerably higher urinary levels have been reported in occupationally exposed workers from other nickel refineries, such as the Falconbridge nickel reflnery in Kristiansand, Norway (13, 14) , and more recently at the refinery at Monchegorsk (24) . Several factors may account for the difference observed: 1) different chemical species of nickel; 2) different stages in the refining process-workers employed in secondary refining are known to experience higher exposures; and 3) possible dilution of existing differences between exposed and nonexposed individuals in our study because of misclassification of the workers occupationally exposed to nickel.
Former studies of nonoccupationally exposed subjects. No other study has, to our knowledge, included a comparably high number of urine specimens for nickel measurements. According to the TRACY-project, an international project for identifying reference intervals for concentrations of trace elements in human blood and urine (37) , the largest study conducted so far was Italian and included 878 adults (38) . Six (16, 41) . In nickel-exposed workers, however, most studies have demonstrated urinary nickel levels considerably higher than those we observed in our study populations (13) (14) (15) ). An increased cancer risk is very unlikely on both sides of the Norwegian-Russian border at the recorded environmental exposure levels. Actually, cancer incidence was studied in the Norwegian settlements dosest to the border (Fig. 2) , based on data from the Norwegian Cancer Registry from 1970 to 1989 (42, 43) . No conclusions could be made about any increased cancer risk. In Russia, no sufficiently updated cancer registry exists; thus, cancer incidence is difficult tO study. Nickel allergy, which is another important clinical effect of nickel (44) , was also evaluated in the present project and will be reported in a separate publication.
Conclusions
Urinary nickel levels in our Norwegian and Russian study populations were poorly associated with the proximity of residence to the Russian nickel refining industry. Regardless of location, the Russian populations all had significantly higher urinary nickel concentrations than the Norwegian groups, indicating that unidentified nonindustrial exposures are of importance. Although the populations living in the border area are very dose geographically, they have been almost totally isolated from one another until the recent collapse of the Soviet Union. The existing differences in lifestyle, dietary habits, and socioeconomic conditions should be studied when searching for exposure sources that may explain the different nickel levels in these two countries.
